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Abstract. Hepatocellular carcinoma (HCC) is a highly lethal 
cancer with increasing incidence rates worldwide. The recom‑
mended treatments for advanced‑stage HCC are sorafenib and 
regorafenib; however, developing resistance to these medica‑
tions significantly limits their effectiveness, and the underlying 
mechanisms are poorly understood. The present study demon‑
strated that interleukin‑33 (IL‑33) promotes sorafenib 
resistance via immune regulation. In vitro, western blotting 
and reverse transcription‑quantitative PCR showed that both 
sorafenib and regorafenib treatments led to an increase in 
the upregulation and secretion of IL‑33 through a positive 
feedback loop involving the IL‑33/transmembrane suppression 
of tumorigenicity 2 (ST2L) pathway. Senescence‑associated 
β‑galactosidase staining and western blotting revealed that 
sorafenib and regorafenib treatments induce cell senescence 
in HCC cells. Flow cytometric analysis indicated that he 
secreted IL‑33 enhanced programmed cell death ligand 1 

(PD‑L1) expression in HCC cells by activating NF‑κB path‑
ways in response to the treatments. In vivo, a HCC‑bearing 
subcutaneous mouse model revealed that blocking the IL‑33 
signaling pathway with anti‑IL‑33 or anti‑ST2L neutralizing 
antibodies, combined with sorafenib, significantly reduced 
tumor size, growth rate, and weight. Additionally, there was a 
notable decrease in tumor PD‑L1 expression and an increase 
in intra‑tumor CD8+ T cells infiltration. Importantly, the 
enhanced therapeutic efficacy of the anti‑IL‑33 treatment in 
sorafenib‑treated HCC‑bearing mice was lost in immunocom‑
promised mice. This indicates that the anti‑IL‑33 neutralizing 
antibody enhances the antitumor activity of sorafenib by modu‑
lating the immune response rather than directly affecting HCC 
cell proliferation. The findings of the present study suggested 
that IL‑33 plays a role in decreasing the therapeutic effective‑
ness of sorafenib and regorafenib in HCC cells. The present 
study highlights the potential of targeting the IL‑33/ST2L axis 
in combination with targeted therapies as a novel strategy to 
improve the limited efficacy of sorafenib and regorafenib.

Introduction

Hepatocellular carcinoma (HCC) is the leading cause of liver 
cancer, accounting for an overwhelming 90% of all cases (1). 
This stark reality highlights the urgent need for proactive 
prevention, early detection, and treatment measures to combat 
this formidable disease. The treatment options for patients 
with HCC depend on their clinical stage  (2). Due to the 
difficulties in early detection and the rapid progression of the 
disease, numerous patients are diagnosed at advanced stages, 
and chemotherapeutic agents are the primary form of systemic 
therapy for these patients (1).

Sorafenib and regorafenib are oral multi‑kinase inhibitor 
that targets several tyrosine kinases, including serine‑threonine 
kinases Raf‑1 and B‑Raf, which are involved in the MAPK/ERK 
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pathway (3,4). They are also found to inhibit the platelet‑derived 
growth factor receptor and the vascular endothelial growth 
factor receptors (VEGFR‑2/3) (5). Sorafenib and regorafenib 
have been approved by the Food and Drug Administration as 
the first‑line and second‑line treatments, respectively, to help 
control tumor angiogenesis and progression in patients with 
advanced HCC (6,7). While sorafenib and regorafenib are the 
main systemic therapies for advanced HCC, their effective‑
ness and application are frequently hindered by severe adverse 
reactions and the common development of drug resistance (8). 
Grasping the intricate mechanisms behind this resistance is 
essential for devising effective strategies to overcome it.

Prolonged use of antitumor drugs can frequently lead to the 
development of acquired resistance, ultimately undermining 
the effectiveness of these vital treatments. Multiple critical 
pathways have been identified that lead to acquired resistance 
to sorafenib in HCC (9). Importantly, inhibiting T‑cell attack 
in the tumor microenvironment (TME) plays a significant role 
in promoting drug resistance (10). Programmed death‑ligand‑1 
(PD‑L1) is an immune checkpoint protein found on numerous 
cancer cells that suppresses anticancer immunity by inter‑
acting with PD‑1 on T cells (11). Overexpression of PD‑L1 
is found to increase the drug resistance in cisplatin‑resistant 
small cell lung cancer cells, enzalutamide‑resistant prostate 
cancer, and sorafenib‑resistant HCC (12‑14). Accordingly, 
PD‑1‑PD‑L1 blockade has been shown to foster CD8+ T‑cell 
infiltration and therapeutic efficacy of sorafenib and rego‑
rafenib in tumor‑bearing mouse models (15,16). Despite the 
critical role of PD‑L1 in promoting resistance to sorafenib 
and regorafenib in HCC, the mechanisms underlying PD‑L1 
upregulation in HCC cells following these drug treatments 
remain incompletely understood (17).

IL‑33 is a member of the IL‑1 cytokine family and is 
widely expressed in various cell types, primarily localized in 
the nucleus to regulate gene transcription (18). Importantly, 
IL‑33 is able to be released as an alarmin to activate innate and 
adaptive immune responses by binding its specific receptor 
ST2L in response to cell stress, pathogen infection, tissue 
injury and necrotic cell death (19‑21). When IL‑33 binds to 
ST2L, this signaling triggers the MyD88‑dependent pathways 
and subsequently induces the activation of activator protein‑1 
and NF‑κB transcription factors, leading to inflammatory 
gene expression (22,23). This IL‑33/ST2L signaling has been 
observed in accelerating multiple types of cancer progression, 
including HCC (24,25). In HCC, IL‑33/ST2L signaling has 
been shown to enhance the stemness of HCC cells and alter 
the immune responses within the TME, leading to accelerated 
HCC progression (25‑27). Notably, our current findings indi‑
cate that lung cancer cells treated with cisplatin can release 
IL‑33, creating a positive feedback loop through IL‑33/ST2L 
that limits the efficacy of cisplatin therapy (28). However, it 
is unclear whether IL‑33/ST2L signaling participates in the 
development of acquired resistance to sorafenib or regorafenib 
in HCC.

In the present study, it was found that sorafenib and 
regorafenib treatments induced cell senescence in HCC and 
promoted the secretion of IL‑33 through an IL‑33/ST2L 
positive feedback loop. The secreted IL‑33 enhanced PD‑L1 
expression in HCC cells by activating NF‑κB pathways in 
response to these treatments. Blockage of the IL‑33 signaling 

pathway using anti‑IL‑33 or anti‑ST2L antibodies alongside 
sorafenib resulted in significant tumor growth reduction in 
HCC‑bearing mice, decreased tumor PD‑L1 expression, and 
increased CD8+ T cell infiltration. However, the increased 
efficacy was not observed in immunocompromised mice, 
indicating the crucial role of T cells in the reduced efficacy 
of sorafenib due to IL‑33. The current findings highlight how 
IL‑33 may undermine the effectiveness of sorafenib and rego‑
rafenib, suggesting that targeting the IL‑33/ST2L axis could 
enhance therapeutic outcomes in HCC.

Materials and methods

Cell lines and culture. Human hepatoma cell lines Huh‑7 cells 
were obtained from the Bioresource Collection and Research 
Center. ML‑15a is a mouse hepatoma cell line that was 
developed from ML‑1 cells after being adapted through five 
generations in BALB/c mice. It originates from the parental 
ML‑1 hepatoma cell line, which was established using liver 
cells from BALB/c mice that were transformed with the hepa‑
titis B virus X (HBx) gene (29). It was noted that ML‑1 is not 
registered in the Cellosaurus database and therefore does not 
have an assigned CVCL number. Huh7 and ML‑15a cells were 
maintained in Dulbecco's Modified Eagle's Medium (DMEM; 
Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% 
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, 
Inc.) and 1% penicillin/streptomycin (Gibco; Thermo Fisher 
Scientific, Inc.) and cultured at 37˚C with 5% CO2 in a humidi‑
fied incubator.

Cell death assay. Huh‑7 cells (5x103 cells/well) were seeded in 
96‑well plates and treated with sorafenib (cat. no. SC‑220125; 
Santa Cruz Biotechnology) or regorafenib (cat. no. SC‑477163; 
Santa Cruz Biotechnology) at the indicated concentrations for 
24 to 96 h. Cell death was assessed using the FITC Annexin 
V Apoptosis Detection Kit with propidium iodide (cat. 
no. 640914; BioLegend, Inc.) according to the manufacturer's 
instructions. Stained cells were analyzed by a CytoFLEX flow 
cytometer (Beckman Coulter, Inc.), and the acquired data were 
processed with CytExpert software (version 2.3; Beckman 
Coulter, Inc.).

Western blot analysis. Cells were harvested and lysed with 
Cell Lysis Buffer (cat. no. 9803; Cell Signaling Technology, 
Inc.) supplemented with protease and phosphatase inhibi‑
tors. A total of 30 µg of protein lysates, quantified using 
the Bradford assay, was separated on 12% sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis and transferred 
onto polyvinyl difluoride membranes. Membranes were then 
blocked with 5% skimmed milk in TBST (TBS containing 
0.1% Tween‑20) for 1 h at room temperature and incubated with 
specific primary antibodies overnight at 4˚C. The antibodies 
used were as follows: anti‑IL‑33 (1:1,000; cat. no. LG3314; 
Leadgene Biomedical), anti‑p16 (1:2,000; cat. no. ab81278; 
Abcam), anti‑p21 (1:1,000; cat. no.  2947S; Cell Signaling 
Technology, Inc.), anti‑PD‑L1 (1:1,000; cat. no. 13684S; Cell 
Signaling Technology, Inc.) and anti‑β‑actin (1:5,000; cat. 
no. ab8226‑20; Abcam). The membranes were then washed and 
incubated with horseradish peroxidase‑conjugated anti‑mouse 
(1:5,000; cat. no. GTX213111‑01; GeneTex, Inc.) or anti‑rabbit 
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(1:5,000; cat. no. GTX213110‑01; GeneTex, Inc.) antibodies for 
1 h at room temperature. Protein expression was visualized 
by enhanced chemiluminescence treatment using Western 
Lightning Plus‑ECL (PerkinElmer, Inc.) and Amersham™ 

Imager 600 (GE Healthcare).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA was isolated from cells using the 
Quick‑RNA™ MiniPrep kit (cat. no. R1055; Zymo Research), 
and then 1 µg of total RNA was reverse transcribed into cDNA 
using M‑MLV Reverse Transcriptase (cat. no. LDG0006RF; 
Leadgene Biomedical) with random primers under the 
following conditions: 25˚C for 10 min (primer annealing), 
42˚C for 60  min (cDNA synthesis), and 70˚C for 10  min 
(enzyme inactivation). qPCR was performed with the FastStart 
Universal SYBR Green Master (Rox) (cat. no. 04913850001; 
Roche Diagnostics) in the StepOnePlus™ Real‑Time PCR 
System (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
PCR amplification was performed with an initial denaturation 
at 95˚C for 10 min, followed by 40 cycles consisting of dena‑
turation at 95˚C for 15 sec and combined annealing/extension 
at 60˚C for 1 min. Gene expression levels were normalized to 
ACTB, and relative expression was calculated using the 2‑ΔΔCq 
method (30). The following primer sequences were used: IL33 
(orward, 5'‑CAA​AGA​AGT​TTG​CCC​CAT​GT‑3' and reverse, 
5'‑AAG​GCA​AAG​CAC​TCC​ACA​GT‑3'; CD274 forward, 
5'‑AAA​CAA​TTA​GAC​CTG​GCT​G‑3' and reverse, 5'‑TCT​TAC​
CAC​TCA​GGA​CTT​G‑3'; and ACTB forward, 5'‑AAG​GAG​
AAG​CTG​TGC​TAC​GTC​GC‑3' and reverse, 5'‑AGA​CAG​CAC​
TGT​GTT​GGC​GTA​CA‑3'.

Cell proliferation analysis. Huh‑7 cells (2x105 cells/well) were 
seeded in 6‑well plates and treated with sorafenib (1 and 10 µM) 
or regorafenib (10 and 20 µM) at the indicated concentrations 
for 5 to 7 days. At the end of treatment, cells were trypsin‑
ized, collected, and stained with 0.4% Trypan Blue solution 
(cat. no. T8154; MilliporeSigma) to assess cell viability. Viable 
(unstained) and non‑viable (stained) cells were counted using 
a hemocytometer under a light microscope. Cell proliferation 
was determined by quantifying the number of viable cells at 
each time point.

Senescence‑associated β‑galactosidase (SA‑β‑gal) staining. 
SA‑β‑gal activity was detected using the Senescence 
β‑Galactosidase Staining Kit (cat. no. 9860; Cell Signaling 
Technology, Inc.) according to the manufacturer's instructions. 
Briefly, Huh‑7 cells were treated with sorafenib (10 µM) or 
regorafenib (20 µM) for 4 days. After treatment, cells were 
washed with PBS and fixed with 1X Fixative Solution for 
10‑15 min at room temperature. Following two washes with 
PBS, cells were incubated with β‑galactosidase staining 
solution (pH 6.0) at 37˚C in a sealed container without CO2 
for 1 to 2 days. SA‑β‑gal‑positive cells were observed and 
imaged using an Olympus BX61 light microscope (Olympus 
Corporation).

Flow cytometry. To detect surface expression of PD‑L1 on 
Huh‑7 cells, the cells were harvested and washed with PBS. 
The prepared cells were incubated with APC‑conjugated 
anti‑human PD‑L1 antibody (1:200; cat. no.  393609; 

BioLegend, Inc.) in staining buffer (2% FBS and 0.1% sodium 
azide in PBS). The staining was performed for 30 min on ice 
in the dark, followed by flow cytometric analysis. For immu‑
nophenotyping of tumor‑infiltrating immune cells isolated 
from HCC‑bearing mice, single‑cell suspensions were incu‑
bated with fluorochrome‑conjugated monoclonal antibodies in 
staining buffer for 30 min on ice in the dark. The following 
antibodies were used: FITC anti‑mouse CD8a antibody (cat. 
no. 553031; BD Biosciences), PE anti‑mouse CD4 antibody 
(cat. no. 553049; BD Biosciences) and PE anti‑mouse CD152 
(CTLA‑4) antibody (cat. no. 106305; BioLegend, Inc.). The 
mean fluorescence intensity and the proportion of cells within 
a specific gate were detected using a CytoFLEX (Beckman 
Coulter, Inc.) and analyzed using CytExpert software 
(Beckman Coulter, Inc.).

HCC‑bearing subcutaneous mouse model. A total of 36 male 
BALB/c mice and 20 male nude mice (8 weeks‑old; weighing 
25 g) were used. Mice were housed under standard conditions 
with a temperature of 22±2˚C, relative humidity of 50±5%, 
a 12/12‑h light/dark cycle, and ad libitum access to food and 
water. All animal experiments were conducted in accordance 
with National Cheng Kung University institutional guidelines 
for care and use of laboratory animals (approval no. 107130; 
Tainan, Taiwan). To establish the subcutaneous tumor model, 
1x106 ML‑15a cells were injected into the flank of BALB/c 
or nude mice. Mice harboring HCC allografts were treated 
with IgG (10 µg/g), sorafenib (10 µg/g), α‑IL‑33 (10 µg/g; cat. 
no. LG3314; Leadgene Biomedical), and/or α‑ST2L (10 µg/g; 
cat. no. LGT2105; Leadgene Biomedical) via intraperitoneal 
(i.p.) injection. Mice received daily i.p. injections of sorafenib 
from day 7 to day 27. For both monotherapy and combination 
therapy groups, α‑IL‑33 or α‑ST2L antibodies were adminis‑
tered intraperitoneally on days 7, 14 and 21 post‑inoculation. 
Tumor volume was measured every four days starting on day 5 
post‑inoculation using a digital caliper and calculated using 
the formula: V=(length² x width)/2. For HCC‑bearing nude 
mice, mice received daily i.p. injections of sorafenib (10 µg/g) 
from day 4 to day 23, and/or α‑IL‑33 (10 µg/g) on days 4, 11, 
and 18. On day 25 or 29 after subcutaneous injection, the 
HCC‑bearing mice were sacrificed, and their solid tumors 
were removed to determine the tumor weight and infiltrated 
phenotypes of immune cells by flow cytometry. In the present 
study, mice were euthanized by carbon dioxide (CO2) inhala‑
tion, with CO2 introduced into the chamber at a displacement 
rate of 30% of the chamber volume per min, in accordance with 
institutional animal care guidelines. Death was confirmed by 
the absence of respiration and heartbeat, followed by cervical 
dislocation as a secondary method. All animal experiments 
were performed between 2020 and 2021.

Immunohistochemistry assay. Formalin‑fixed, paraffin-
embedded tissue sections (4‑µm thick) of mouse HCC tumors 
were deparaffinized with xylene and rehydrated through 
a graded series of ethanol solutions. Antigen retrieval was 
performed by heating the sections in 10 mM citrate buffer 
(pH 6.0) at 95‑100˚C for 10  min. Endogenous peroxidase 
activity was blocked using 3% hydrogen peroxide for 15 min 
at room temperature. After washing, the sections were blocked 
with blocking reagent for 1 h at room temperature and then 
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incubated with primary antibodies against IL‑33 (1:200; cat. 
no. LG3314; Leadgene Biomedical) and PD‑L1 (1:200; cat. 
no. 13684S; Cell Signaling Technology, Inc.) at 4˚C overnight. 
The immunoreactions were revealed using the secondary 
antibody of OneStep Polymer HRP anti‑mouse/rat/rabbit 
Detection System (cat. no. GTX83398; GeneTex, Inc.) and 
using DAB as chromogen. Nuclei were counterstained with 
Mayer's hematoxylin (cat. no. HMM125; ScyTek Laboratories 
Inc.), and slides were subsequently dehydrated and mounted 
for microscopic analysis.

Enzyme‑linked immunosorbent assay (ELISA) assay of IL‑6 
concentration. Huh7 cells were treated with sorafenib (10 µM) 
or regorafenib (20 µM) for 72 h, and the culture supernatants 
were collected. Human IL‑6 levels were quantified using a 
human IL‑6 DuoSet ELISA kit (cat. no. DY206; R&D Systems, 
Inc.) according to the manufacturer's instructions. Optical 
density (OD) was measured at 450 nm using a SpectraMax 
iD5 Multi‑Mode Microplate Reader (Molecular Devices). The 
IL‑6 concentrations were calculated from a standard curve 
(Fig. S2).

Correlation analysis of IL33 and CD274 expression in 
patients with liver hepatocellular carcinoma (LIHC). The 
correlation between IL33 and CD274 expression in LIHC 
was analyzed using the TIMER2.0 web server (http://timer.
cistrome.org/) (31), which integrates RNA‑seq data from The 
Cancer Genome Atlas (TCGA; https://portal.gdc.cancer.gov). 
Spearman's correlation analysis was performed to assess the 
association between IL33 and CD274 mRNA expression levels 
in the TCGA‑LIHC cohort (Fig. S3).

Statistical analysis. Data are presented as the mean ± standard 
deviations (SD). Data were analyzed using one‑way ANOVA 
followed by Tukey's post hoc test with GraphPad Prism 5 
software (GraphPad Software Inc.; Dotmatics). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Sorafenib and regorafenib trigger an IL‑33/ST2L positive 
feedback loop in senescent HCC cells. Our current findings 
showed that cisplatin‑treated lung cancer cells can release 
IL‑33 to cause an IL‑33/ST2L positive feedback loop to limit 
cisplatin therapeutic efficacy (28). IL‑33/ST2L signaling has 
been implicated in promoting the progression of HCC (26,32). 
However, whether HCC cells can release IL‑33 in response 
to stress induced by sorafenib and regorafenib remains 
unclear. To investigate this, Huh‑7 cells were treated with 
various doses of sorafenib and regorafenib. Significant cyto‑
toxicity was observed at concentrations exceeding 20 µM for 
sorafenib and 40 µM for regorafenib (Fig. 1A). To avoid the 
passive release of IL‑33 due to cell death, Huh‑7 cells were 
treated with 10 µM sorafenib and 20 µM regorafenib in the 
following experiments. As shown in Fig. 1B, both sorafenib 
and regorafenib induced the release of IL‑33 in Huh‑7 cells at 
24 and 48 h post‑treatment. Interestingly, a notable increase 
in the cytosolic protein level of IL‑33 and the mRNA level of 
IL‑33 was observed in both sorafenib and regorafenib‑treated 
Huh‑7 cells (Fig. 1B and C). Since an IL‑33 positive feedback 

loop has been previously identified in macrophages and lung 
cancer cells (28,33), it was next tested whether this loop occurs 
in sorafenib and regorafenib‑treated Huh‑7 cells. To examine 
this, the mRNA levels of IL33 and ST2L were first measured 
in recombinant IL‑33 (rIL‑33)‑treated Huh‑7 cells. Similar to 
previous findings, rIL‑33 treatment upregulated the mRNA 
levels of IL33 and protein levels of surface ST2L in Huh‑7 
cells (Fig. 1D). Additionally, increased protein levels of IL‑33 
were also observed following rIL‑33 treatment (Fig.  1E). 
Furthermore, blocking IL‑33 signaling with a neutralizing 
anti‑IL‑33 (α‑IL‑33) antibody abolished the upregulation of 
IL‑33 induced by sorafenib and regorafenib in Huh‑7 cells 
(Fig. 1F), indicating that sorafenib and regorafenib trigger 
an IL‑33/ST2L positive feedback loop in HCC cells. Notably, 
a recent study pointed out that IL‑33 was highly induced in 
senescent hepatic stellate cells within the TME of HCC (27). 
Given that sorafenib and regorafenib treatment can lead to 
cellular senescence in HCC cells (34), it was hypothesized that 
IL‑33 is induced in senescent HCC cells triggered by these 
treatments. To examine whether sorafenib and regorafenib can 
cause cell growth inhibition, a characteristic of cellular senes‑
cence, Huh‑7 cells were treated with various concentrations of 
sorafenib and regorafenib for 24 to 96 h. Significant cell growth 
arrest was observed in Huh‑7 cells treated with 10 µM sorafenib 
and 20 µM regorafenib (Fig. 2A). Additionally, a significant 
increase in SA‑β‑galactosidase expression was observed in 
sorafenib and regorafenib‑treated Huh‑7 cells (Fig. 2B). It has 
been reported that cellular senescence is mainly regulated by 
p16INK4/CDKN2 and p21WAF1/Cip1 pathways (35). The present results 
revealed that sorafenib induced upregulation of p16, while 
regorafenib increased p21 expression post‑treatment compared 
with the control group (Fig. 2C). These findings collectively 
indicate that sorafenib and regorafenib trigger an IL‑33/ST2L 
positive feedback loop in senescent HCC cells.

Sorafenib and regorafenib treatments lead to PD‑L1 upregula‑
tion via IL‑33 signaling in HCC cells. It has been reported that 
IL‑33/ST2L signaling can induce PD‑L1 expression, leading 
to immune escape in oral squamous cell carcinoma  (36). 
Notably, elevated PD‑L1 expression in patients with HCC 
correlates with poor survival and resistance to sorafenib (14). 
It was investigated whether sorafenib and regorafenib treat‑
ments increase PD‑L1 expression via IL‑33 release. As shown 
in Fig. 3A, both sorafenib and regorafenib enhanced PD‑L1 
expression on the plasma membrane of Huh‑7 cells. Blocking 
IL‑33 signaling with a neutralizing α‑IL‑33 antibody abolished 
the upregulation of PD‑L1 induced by sorafenib and rego‑
rafenib in Huh‑7 cells (Fig. 3B), suggesting that IL‑33 released 
from these drug‑treated cells induces PD‑L1 expression. To 
further examine whether IL‑33 induces PD‑L1 upregulation 
in HCC cells, Huh‑7 cells were treated with rIL‑33 protein. 
The immunoblot results revealed that protein levels of 
PD‑L1 increased following stimulation with rIL‑33 (Fig. 3C). 
Additionally, elevated PD‑L1 on the surface of rIL‑33‑treated 
Huh‑7 cells was also detected (Fig. 3D), confirming that IL‑33 
is capable of inducing PD‑L1 expression in HCC cells. The 
regulation of PD‑L1 expression mainly involves the partici‑
pation of transcriptional regulators, including NF‑κB (37). 
Given that our current findings revealed that NF‑κB mediates 
IL‑33‑dependent actions in the TME (28), it was examined 
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Figure 1. Sorafenib and regorafenib induce IL‑33 upregulation and secretion in hepatocellular carcinoma cells. (A) Huh‑7 cells were treated with sorafenib or 
regorafenib at the indicated concentrations. Cell death was assessed using PI staining through flow cytometry. Representative flow cytometry histograms of 
PI staining in Huh7 cells under the indicated treatment conditions are shown (left). Quantification of PI‑positive cells (%) is presented (right). (B and C) Huh‑7 
cells were treated with DMEM, sorafenib (10 µM), or regorafenib (20 µM) for the indicated time. (B) The protein expression of IL‑33 was analyzed by western 
blotting. (C) The mRNA level of IL33 was determined by RT‑qPCR. (D and E) Huh‑7 cells were treated with rIL‑33 at the indicated concentrations for 48 h. 
(D, upper) The mRNA level of IL33 was determined by RT‑qPCR. (D, lower) The cell surface expression of ST2L was measured by flow cytometry. (E) The 
protein expression of IL‑33 was analyzed by western blotting. (F) Huh‑7 cells were treated with sorafenib (left) and regorafenib (right) with or without α‑IL‑33 
antibodies (10 µg/ml). The mRNA level of IL33 was determined by RT‑qPCR. *P<0.05, **P<0.01 and ***P<0.001. PI, propidium iodide; RT‑qPCR, reverse 
transcription‑quantitative PCR; Sup, supernatant; WCL, whole cell lysate.
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whether IL‑33 induced PD‑L1 expression via NF‑κB in HCC 
cells. The current data showed that rIL‑33‑induced upregula‑
tion of PD‑L1 was significantly abolished in the presence of 
NF‑κB inhibitor (Fig. 3D). These data collectively indicated 
that sorafenib and regorafenib treatments lead to PD‑L1 
upregulation via IL‑33 signaling in HCC cells.

Blockage of IL‑33 or ST2L enhances the antitumor 
immune responses and therapeutic efficacy of sorafenib in 
HCC‑bearing mice. Next, it was examined whether blocking 
IL‑33/ST2L signaling could enhance the therapeutic efficacy 
of sorafenib in HCC‑bearing mice. To test this hypothesis, 
low‑dose sorafenib treatment (10 mg/kg) (38) was combined 
with α‑IL‑33 or α‑ST2L neutralizing antibodies (10 mg/kg) 
in a subcutaneous HCC mouse model by inoculating a mouse 
HCC cell line ML‑15a in BALB/c mice  (39) (Fig.  4A). To 
assess whether these combination treatments could cause 
significant toxicity in mice, body weights and serum levels of 

glutamic oxaloacetic transaminase (GOT), glutamic pyruvic 
transaminase (GPT), albumin, blood urea nitrogen (BUN) and 
creatinine were monitored. The results revealed no significant 
changes in these parameters in mice undergoing the combined 
treatment compared with control mice (Fig.  S1A  and  B), 
indicating that no significant toxicity was induced by 
these treatments. In Fig. 4C, the maximum tumor observed 
measured 9 mm in length and 13 mm in width, corresponding 
to a calculated tumor volume of 526.5 mm³ and a maximum 
diameter of 13 mm. It was found that single treatments with 
sorafenib, α‑IL‑33, or α‑ST2L neutralizing antibodies in 
HCC‑bearing mice showed no significant differences in tumor 
size, growth rate, and weight compared with control groups. 
Notably, combined treatment with sorafenib and either α‑IL‑33 
or α‑ST2L neutralizing antibodies resulted in a remarkable 
reduction in tumor size, growth rate and weight (Fig. 4B‑D). 
These data indicated that blocking IL‑33/ST2L can enhance 
the antitumor efficacy of sorafenib in HCC. Additionally, 

Figure 2. Sorafenib and regorafenib trigger cellular senescence in hepatocellular carcinoma cells. (A) Huh‑7 cells were treated with sorafenib (1 and 10 µM, 
upper) and regorafenib (10 and 20 µM, lower). Cell numbers were calculated using a hemocytometer at the indicated time points. (B) Huh‑7 cells were treated 
with sorafenib (10 µM) and regorafenib (20 µM) for 96 h. The SA‑β‑gal activity was detected using a senescence detection kit. (C) Huh‑7 cells were treated 
with sorafenib (10 µM, left) and regorafenib (20 µM, right) for the indicated time. The protein expression of p16 and p21 was analyzed by western blotting.
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consistent with in vitro findings, sorafenib treatment induced 
elevated expression of IL‑33 as well as PD‑L1 in HCC tumors, 
which was inhibited by combined treatments with α‑IL‑33 or 
α‑ST2L neutralizing antibodies (Fig. 4E and F). Given that 

IL‑33/ST2L signaling‑induced PD‑L1 expression can lead to 
immune escape (36), the tumor‑infiltrating lymphocytes were 
analyzed 21 days after HCC inoculation. A slight increase was 
observed in tumor‑infiltrating CD4+ T cells in HCC tumors 

Figure 3. Sorafenib and regorafenib enhance PD‑L1 expression via IL‑33 signaling in hepatocellular carcinoma cells. (A) Huh‑7 cells were treated with 
sorafenib (10 µM) and regorafenib (20 µM) for 96 h. The cell surface expression of PD‑L1 was measured by flow cytometry. (B) Huh‑7 cells were treated with 
sorafenib (10 µM, upper) and regorafenib (20 µM, lower) with or without treatment of α‑IL‑33 antibodies (10 µg/ml) for 96 h. The cell surface expression of 
PD‑L1 was measured by flow cytometry. (C and D) Huh‑7 cells were treated with rIL‑33 at the indicated concentrations for 96 h. (C) The mRNA level of CD274 
was determined by reverse transcription‑quantitative PCR. (D) Huh‑7 cells were treated with rIL‑33 (100 ng/ml) with or without treatment of JSH‑23 (50 µM). 
The cell surface expression of PD‑L1 was measured by flow cytometry. *P<0.05, **P<0.01 and ***P<0.001. PD‑L1, programmed death ligand 1.

https://www.spandidos-publications.com/10.3892/or.2025.8987
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Figure 4. Blockage of IL‑33/ST2L by neutralizing antibodies enhances the antitumor efficacy of sorafenib. (A) Schematic illustration of the treatment regimen 
in the subcutaneous HCC‑bearing mouse model. HCC‑bearing mice were treated with sorafenib (10 µg/g), α‑IL‑33 (10 µg/g), α‑ST2L (10 µg/g), or a combina‑
tion of sorafenib with α‑IL‑33 or α‑ST2L. (B) Tumor growth was measured starting from day 5 and once every 4 days. (C and D) Tumor size (C) and tumor 
weight (D) were measured at the end of the experiment. (E and F) Paraffin‑embedded HCC tumor sections from each group were stained with (E) IL‑33 and 
(F) PD‑L1 and counterstained with hematoxylin. Magnified views of the inset regions are shown on the right. (G) Intra‑tumoral CD4+ T cells (upper), CD8+ T 
cells (middle), and CD8+CTLA4+ cells (lower) were measured by flow cytometry. HCC, hepatocellular carcinoma. *P<0.05 and **P<0.01.
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treated with a combination of sorafenib and α‑IL‑33 neutral‑
izing antibodies compared with other treatment groups. It is 
worth noting that a significant increase in tumor‑infiltrating 
CD8+ T cells was observed in HCC tumors treated with 
sorafenib combined with either α‑IL‑33 or α‑ST2L neutral‑
izing antibodies compared with other treatment groups. 
Furthermore, a reduction in CTLA4 expression on tumor‑infil‑
trating CD8+ T cells was observed in HCC tumors following 
treatment with α‑IL‑33 or α‑ST2L neutralizing antibodies 
(Fig. 4G). These findings suggested that combining sorafenib 
treatment with α‑IL‑33 or α‑ST2L neutralizing antibodies 
enhances the activation and infiltration of CD8+ T cells into 
the TME of HCC tumors, leading to increased therapeutic 
efficacy of sorafenib.

α‑IL‑33 neutralizing antibodies enhancing the antitumor 
activity of sorafenib depend on T cells. Since it was observed 
that combining sorafenib with an α‑IL‑33 antibody increased 
tumor‑infiltrated T cells, it was examined whether the α‑IL‑33 
neutralizing antibody enhances the antitumor activity of 
sorafenib through T cells. To test this hypothesis, an HCC model 
in nude mice was established by subcutaneously implanting 
ML‑15a cells and then treating them with either sorafenib alone 
or in combination with the α‑IL‑33 neutralizing antibody 
(Fig. 5A). The results showed that the combined treatment 
did not significantly reduce tumor size, growth rate, or tumor 
weights in the HCC‑bearing nude mice compared with the 
sorafenib‑only group (Fig. 5B‑D). In Fig. 5C, the largest tumor 
had a length of 1.3 cm and a width of 1.3 cm, corresponding 
to a calculated volume of 1,098.5 mm³. These data suggested 

that the α‑IL‑33 neutralizing antibody enhances the antitumor 
activity of sorafenib by regulating T cell‑mediated immunity.

Discussion

When cells experience stress or damage, IL‑33 is rapidly 
released into the cytoplasm, where it serves as an alarmin 
by binding to ST2L. This IL‑33/ST2L interaction has been 
shown to promote cancer progression, while its role in regu‑
lating tumor cell resistance to therapy is just beginning to 
be investigated. IL‑33 has been found to facilitate resistance 
to Fluorouracil (5‑FU) in murine melanoma cells by trig‑
gering polyploidy and inducing immune exhaustion  (40). 
Our previous study consistently revealed that IL‑33, which is 
released from lung cancer cells treated with cisplatin, enhances 
M2 macrophage function, thereby limiting the efficacy of the 
treatment (28). Additionally, a current study demonstrated that 
the IL‑33/ST2L axis can activate the non‑homologous end 
joining pathway, contributing to DNA damage resistance in 
lung cancer response to cisplatin or doxorubicin (41). In line 
with these findings, it was demonstrated that IL‑33 plays a 
significant role in enhancing resistance to the anticancer 
drugs sorafenib and regorafenib in HCC. Taken together, these 
results suggest that targeting the IL‑33/ST2L pathway could 
be beneficial in improving the effectiveness of these treat‑
ments. While IL‑33 can be released from non‑necrotic HCC 
cells in response to sorafenib and regorafenib, little is known 
about how it is mobilized and released into the extracellular 
space. Recently, several mechanisms based on non‑classical 
secretion appear to be involved in IL‑33 secretion. It has been 

Figure 5. The effectiveness of α‑IL‑33 neutralizing antibodies in enhancing the antitumor activity of sorafenib is abolished in athymic mice. (A) Schematic 
illustration of the treatment regimen in the subcutaneous hepatocellular carcinoma‑bearing nude mouse model. HCC‑bearing nude mice were treated with 
sorafenib (10 µg/g), α‑IL‑33 (10 µg/g), or a combination of sorafenib with α‑IL‑33. (B) Tumor growth was measured starting on day 4 and once every 4 days. 
(C and D) Tumor size (C) and tumor weight (D) were measured at the end of the experiment.

https://www.spandidos-publications.com/10.3892/or.2025.8987
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found that IL‑33 can be cosecreted with exosomes through 
the neutral sphingomyelinase‑2‑dependent multivesicular 
endosome pathway in primary human airway basal cells (42). 
Additionally, current studies demonstrated that IL‑33 release 
from allergen‑stimulated lung epithelial cells and senescent 
hepatic stellate cells depends on gasdermin D pores, whose 
generation is independent of or dependent on caspase‑1 and 
caspase‑11, respectively (27,43). Understanding whether IL‑33 
release from sorafenib‑ and regorafenib‑treated HCC cells 
occurs via gasdermin D pores or exosomal pathways will be 
important in future studies.

Numerous chemotherapeut ic drugs can induce 
senescence in cancer cells and TME, stimulating immuno‑
surveillance to eliminate tumor cells. However, they can also 
lead to chronic inflammation and drug resistance, primarily 
through a set of factors known as senescence‑associated 
secretory phenotypes (SASPs), including pro‑inflammatory 
IL‑1 family cytokines (44). In fact, as one of the IL‑1 family 
cytokines, IL‑33 has currently been observed in SASPs. 
For example, IL‑33 is released from senescent hepatic 
stellate cells as the SASPs to promote obesity‑associated 
HCC (27). In radiation‑induced skin injury, IL‑33 secreted 
by senescent skin cells inhibits macrophage phagocytosis 
ability to clear these cells (45). Furthermore, IL‑33‑induced 
cellular senescence results in kidney cell damage through 
the secretion of IL‑33‑containing SASPs  (46). Based on 
these studies, the present findings suggested that treatments 
with sorafenib and regorafenib induce cellular senescence 
in HCC cells and release IL‑33 as part of an SASP, which 
ultimately limits the effectiveness of these drugs. To further 
investigate the interaction between IL‑33 and other SASP 
factors, the secretion of IL‑6, a prominent SASP cytokine, 
was measured in sorafenib‑ and regorafenib‑treated Huh7 
cells. However, it was found that IL‑6 levels were below the 
detection threshold in all groups, indicating that IL‑6 might 
not play a significant role as a SASP factor interacting with 
IL‑33 in our model (Fig. S2). Nevertheless, the potential for 
IL‑33 to cross‑talk with other components of the SASPs 
cannot be ruled out.

Overexpression of PD‑L1 is observed in sorafenib‑resis‑
tant HCC cells and tissues, which is linked to the facilitation 
of sorafenib resistance (47). Research using sorafenib‑resis‑
tant HCC cell lines has demonstrated that c‑Met upregulates 
PD‑L1 through the MAPK/NF‑κB p65 signaling cascade, 
thereby contributing to sorafenib resistance (48). The elevated 
levels of PD‑L1 can activate the STAT3/DNA methyltrans‑
ferase 1 pathway to trigger sorafenib resistance or promote 
epithelial‑mesenchymal transition (EMT) in these resistant 
HCC cell lines (49,50). However, upregulation of PD‑L1 is 
also observed in non‑resistant HCC cells upon sorafenib 
exposure. For example, the induction of PD‑L1 and EMT in 
sorafenib‑treated non‑resistant HCC cells is reported, while 
combined inhibition of EMT and PD‑L1 enhances the sensi‑
tivity of HCC cells to sorafenib (51). In the present study, it 
was observed that IL‑33 mediates the upregulation of PD‑L1 
in non‑resistant HCC cells when exposed to sorafenib and 
regorafenib. These observations collectively suggest an early 
induction of PD‑L1 expression in HCC cells following these 
drug treatments. Additionally, our mechanistic study identi‑
fied a positive feedback loop involving the IL‑33/ST2L/NF‑κB 

axis, which contributes to the induction of PD‑L1 in HCC 
cells. Our findings are consistent with earlier observations 
that IL‑33 promotes PD‑L1 expression in murine acute 
myeloid leukemia and oral squamous cell carcinoma (36,52). 
Importantly, the analysis of data from The Cancer Genome 
Atlas data on Liver Hepatocellular Carcinoma revealed a 
significant positive correlation between IL33 and CD274 
mRNA expression (Spearman's rho=0.349, P=4.78x10‑12) 
(Fig.  S3). This finding supports the observations of the 
present study that IL‑33 may play a role in inducing PD‑L1 
upregulation in human HCC. Notably, tumor stromal cells, 
in addition to tumor cells, have also been shown to produce 
IL‑33. Research has revealed that both IL‑33 and its receptor 
ST2 are highly expressed in the microvascular vessels of the 
TME in colorectal cancer to regulate tumor angiogenesis and 
progression (53). Cancer‑associated fibroblast‑derived IL‑33 
can promote breast cancer cell metastasis by modifying the 
immune microenvironment at the metastatic niche toward 
type 2 inflammation (54). Thus, the current findings do not 
exclude the possibility of IL‑33 produced by tumor‑stromal 
cells due to sorafenib and regorafenib.

The present findings revealed that blocking the IL‑33 
signaling pathway with anti‑IL‑33 or anti‑ST2L antibodies 
alongside sorafenib significantly reduced tumor growth in 
mice with HCC. Notably, this enhanced effect was abolished 
in athymic nude mice. This suggests that IL‑33 promotes 
the acquired resistance to sorafenib in HCC‑bearing mice 
mainly by regulating immune responses rather than directly 
affecting HCC cell growth. In fact, accumulated evidence 
has revealed that the IL‑33/ST2 signaling pathway is a potent 
regulator of the TME. It recruits various immune cell popu‑
lations that can either promote tumor malignancy or induce 
tumor regression. This occurs by activating suppressor 
immune cells, such as tumor‑associated macrophages 
(TAM), regulatory T cells (Tregs), and CD4+ Th2 cells, to 
inhibit antitumor immunity. Consequently, this pathway 
plays a significant role in tumor growth and metastasis (55). 
Notably, current research indicates that sorafenib treatment 
results in the polarization of TAM into M2 macrophages and 
promotes Treg differentiation, consequently suppressing the 
immune response and diminishing the efficacy of sorafenib 
to HCC (56,57). It will be important in future studies to 
understand whether IL‑33 activates TAM and Tregs to trigger 
immunosuppressive responses and hence reduce the efficacy 
of sorafenib and regorafenib to HCC.

HCC is a primary liver cancer that is increasingly 
common. For patients with advanced HCC, targeted therapies 
such as sorafenib and regorafenib are recommended. While 
these treatments can improve survival rates for patients with 
HCC, the development of acquired resistance often leads to 
a poor response to these therapies. In the present study, it 
was revealed that treatments with sorafenib and regorafenib 
initiate a positive feedback loop involving IL‑33 and ST2L 
in senescent HCC cells. The IL‑33 that is secreted enhances 
the expression of PD‑L1 in HCC cells by activating NF‑κB 
pathways in response to these treatments. When the IL‑33 
signaling pathway was blocked using anti‑IL‑33 or anti‑ST2L 
antibodies in combination with sorafenib, a significant reduc‑
tion in tumor growth was observed in mice with HCC. This 
was accompanied by decreased PD‑L1 expression in tumors 
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and increased infiltration of CD8+ T cells. Importantly, 
the enhanced efficacy of sorafenib against HCC by inhib‑
iting IL‑33 was dependent on T cells. The present findings 
suggested that IL‑33 may diminish the effectiveness of 
sorafenib and regorafenib, indicating that targeting the 
IL‑33/ST2L axis could improve therapeutic outcomes for 
HCC. Future studies should extend these findings by evalu‑
ating the efficacy and toxicity of IL‑33/ST2L inhibitors in 
higher‑order animal models and by investigating their use 
in combination with other HCC therapies, such as immuno‑
therapy. These approaches will be essential to determine the 
translational potential of targeting the IL‑33/ST2L axis in 
HCC.
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